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We investigate the photoproduction of K∗ vector meson for the study of the Λ(1405) resonance.
The invariant mass distribution of piΣ shows a different shape from the nominal one, peaking at
1420 MeV. This is considered as a consequence of the double pole structure of Λ(1405), predicted
in the chiral unitary model. Combined with other reactions, such as pi−p → K0piΣ, experimental
confirmation of this fact will reveal a novel structure of the Λ(1405) state.
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The structure of the Λ(1405) resonance has been a
long-standing problem in hadron physics. As is well
known, it is not easy to derive a proper mass for Λ(1405)
in a naive quark model, while unitary coupled channel
approaches [1, 2, 3], in which the resonance is described
as a quasi-bound state of a meson and a baryon, have
been successful. In recent years, these issues are recon-
sidered on the basis of chiral effective Lagrangians and
fundamental QCD. The chiral unitary model [4, 5, 6, 7],
which implements the interaction derived from chiral per-
turbation theory and coupled channel unitarity, has been
well reproducing the S = −1 meson-baryon scattering
amplitude, generating Λ(1405) dynamically. One of the
lattice QCD calculations has reported the difficulty in
describing Λ(1405) by three-quark interpolating opera-
tor [8]. These facts seem to favor the meson-baryon pic-
ture of the Λ(1405) state, rather than a simple 3-quark
state.
In this study, we focus on the pole structure of the
Λ(1405) resonance; it has been found that there are two
poles in the region of Λ(1405) through analyses based on
the chiral unitary models [9, 10, 11, 12, 13, 14, 15, 16].
The conclusion does not depend on the details of the
models, qualitatively. The existence of two poles was
first found in the cloudy bag model [17]. Very recently, a
study of 1/2− pentaquark states with correlated diquark
picture [18] also reported two Λ states at relatively low
energy region.
The detailed structure of these poles have been stud-
ied in the chiral unitary model, which we use in this
study. For instance, in Ref. [19], the positions of the
poles and its coupling strengths to meson-baryon chan-
nels are calculated as in Table. I. We see that the pole
z1 couples dominantly to πΣ channels, while z2 couples
dominantly to K¯N channels. Under this situation, the
shape of Λ(1405) seen in invariant mass distribution of
πΣ should depend on the reaction to generate the res-
onance. In fact, such differences were seen in previous
theoretical studies [20, 21, 22]. It was found in Ref. [22]
that the z1 pole was favored in the π
−p → K0πΣ reac-
tion.
In this paper, we propose γp → K∗Λ(1405) →
TABLE I: Pole positions and coupling strengths gi for several
channels in the chiral unitary model [19].
pole piΣ K¯N ηΛ KΞ
z1 = 1390 − 66i 2.9 2.1 0.77 0.61
z2 = 1426 − 16i 1.5 2.7 1.4 0.35
FIG. 1: Feynman diagram for the reaction. M and B denote
the meson and baryon of ten coupled channels of S = −1
meson-baryon scattering. In this paper we only take piΣ and
piΛ channels into account.
π+K0MB reaction in order to isolate the z2 pole. The
advantages of this reaction are
• In K exchange diagram as shown in Fig. 1, the pole
z2 will be selected, because K¯N channel couples to
Λ(1405) at initial stage.
• We can select the above events, using the correla-
tion between polarization of photon beam and an-
gular distribution of final π+K0 [23].
In the present calculation, we consider the threshold pro-
duction ofK∗ and Λ(1405), and utilize the s-wave meson-
baryon scattering amplitude calculated by the chiral uni-
tary model [10, 13], as the final state interaction of K¯N .
In order to perform a realistic calculation, we introduce
the p-wave Σ(1385) field explicitly.
The scattering amplitude as described by the diagram
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FIG. 2: Feynman diagram for K−p→MB.
of Fig. 1 can be divided into two parts
−it = (−itγ→K−Kpi)
i
p2
K−
−m2
K−
(−itK−p→MB) . (1)
The former part (−itγ→K−Kpi), is derived from the effec-
tive Lagrangians [23], and given as
−itγ→K−K0pi+ =
i
√
2gV PP ǫ
µναβpµ(K
0)pν(π
+)kα(γ)ǫβ
P 2K∗ −M2K∗ + iMK∗ΓK∗
,
(2)
where p and k are the momenta of the particle in paren-
theses, ǫµ the polarization vector of photon, gV PP =
−6.05 the universal vector meson coupling, and ΓK∗ the
total decay width of K∗, for which we take the energy
dependence into account. It is easy to see the π+K0
distribution is correlated with the polarization of initial
photon.
The amplitude (−itK−p→MB), shown in Fig. 2, con-
sists of two parts
−itK−p→MB(MI) = −itChU (MI)− itΣ∗(MI) , (3)
where −itChU is the meson-baryon scattering amplitude
derived from the chiral unitary model, and −itΣ∗ is the
Σ(1385) pole term. MI is the invariant mass for K
−p
system, which is determined by M2I = (pγ + pN − pK∗)2.
In the chiral unitary model [10, 13], the coupled channel
amplitudes are obtained by
tChU (MI) = [1− V G]−1V , (4)
where G is the meson-baryon loop function and V is the
kernel interaction derived from the Weinberg-Tomozawa
term of the chiral Lagrangian. The Σ(1385) term is intro-
duced with couplings ci to channel i (Σ(1385) → MB)
which are deduced from the πN∆ using SU(6) symme-
try, and explicit values are shown in Ref [23]. Then we
have the amplitude
−itΣ∗(MI) =− c1ci
(
12
5
gA
2f
)2
S · k1S† · ki
× i
MI −MΣ∗ + iΓΣ∗/2Ff (k1) ,
(5)
where gA = 1.26, f = 93 × 1.123 MeV [10] and S is a
spin transition operator. We have introduced a strong
form factor Ff (k1) = (Λ
2 −m2K)/(Λ2 − k21) with Λ = 1
GeV, for the vertex K−pΣ∗ in order to account for the
finite size structure of the baryons.
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FIG. 3: Total cross sections of the process with the final states
pi0Σ0 (Solid), pi+Σ− (Dashed), pi−Σ+ (Dash-dot-dotted) and
pi0Λ (Dash-dotted) in units of [µb]. Solid bars indicate the
threshold energy of channels.
The cross section is given as a function of the incident
energy
√
s:
σ(
√
s) =
2MMΣ
s−M2
∫
d3p1
(2π)3
1
2ω1
∫
d3p2
(2π)3
1
2ω2
× 1
2
∫ 1
−1
d cos θ
1
4π
P˜3
MI
|t(cos θ)|2 ,
(6)
where p1(2) and ω1(2) are the momenta and energy of the
final K(π) from K∗, and P˜3 is the relative three momen-
tum of MB (∼ πΣ or πΛ) in their center of mass frame.
The angle θ denotes the relative angle of MB in the CM
frame of the total system. The calculation is performed
by the Monte-Carlo method.
Before going to the numerical results, here we mention
the MB channels decaying from the intermediate bary-
onic states (B∗ ∼ Λ(1405),Σ(1385)), below the threshold
of the K¯N channel. In the present case, since we have the
K−p channel initially, the I = 2 component of πΣ chan-
nel is not allowed, and hence, there are two charged and
two neutral channels. Considering the Clebsh-Gordan
coefficients [20], the charged channels (π±Σ∓) are from
the decay of both Λ(1405)(I = 0) and Σ(1385)(I = 1),
while the neutral channels are from either one of the two;
π0Σ0 is from Λ(1405) and π0Λ is from Σ(1385).
In Fig. 3, we show the total cross sections σ(γp →
K∗B∗ → π+K0MB) as functions of√s for differentMB
channels. The use of polarized beam enables us to re-
duce possible backgrounds, but there is not distinction
between cross sections of polarized and unpolarized pro-
cesses, unless we observe angular distributions. In the
figure, πΛ(I = 1) channel gives the largest magnitude,
which might disturb the I = 0 amplitude, that we are
interested in. However, as we see below, it is possible to
isolate Λ(1405) from Σ(1385) contribution, with proper
combination of final states.
In Fig. 4, we show the invariant mass distributions for
different decay channels with photon energy Eγ = 2500
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FIG. 4: Invariant mass distributions of pi0Σ0 (Thick solid),
pi+Σ− (Dashed), pi−Σ+ (Dash-dot-dotted), pi0Λ (Dash-
dotted) and (pi+Σ− + pi+Σ−)/2 (Thin solid) in units of
[nb/MeV]. Initial photon energy in Lab. frame is 2500 MeV
(
√
s ∼ 2350 MeV, threshold of K∗Λ(1405)).
MeV (the threshold for K∗Λ(1405) production is 2350
MeV). As expected, the π0Σ0 distribution decaying from
Λ(1405) (Thick solid line) has a peak around 1420 MeV
which is the position of the z2 pole. The π
0Λ distribution
(dot-dashed line) has clearly a peak around 1385 MeV.
Forgetting about the experimental feasibility, these neu-
tral channels are most helpful in order to distinguish the
contributions from Λ(1405) and Σ(1385), since they are
pure I = 0 or 1. In experiments, the charged states
(dashed and dash-dot-dotted lines) may be observed,
which contain both Λ(1405) and Σ(1385) contributions.
The shapes of the three πΣ distributions have a simi-
lar tendency as the Kaon photoproduction process [20],
which has been confirmed in experiments [24]. Note also
that the contributions from Σ(1385) seem to be small for
these channels.
It is worth showing the isospin decomposition of the
distributions of charged states [20]
dσ(π±Σ∓)
dMI
∝ 1
3
|T (0)|2 + 1
2
|T (1)|2 ± 2√
6
Re(T (0)T (1)∗) ;
dσ(π0Σ0)
dMI
∝ 1
3
|T (0)|2 ,
(7)
where T (I) is the amplitude with isospin I. This equa-
tion tells us that the difference between π+Σ− and π−Σ+
comes from the crossed term Re(T (0)T (1)∗), and when
we sum up the two distributions, this term vanishes. In
Fig, 4, we show the result of average of the charged πΣ
channels (thin solid line), in order to remove the contri-
bution from the crossed term. The peak of the distribu-
tion is still at around 1420 MeV, because the initial K−p
couples dominantly to the second pole of the Λ(1405),
although the width of this distribution is slightly larger
than that of the I = 0 resonance due to a finite contri-
bution from the Σ(1385).
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FIG. 5: Invariant mass distributions of pi+Σ− − pi−Σ+
(Dashed), and s-wave, piΣ(I = 1) (Solid), in units of
[nb/MeV].
In the chiral unitary model, I = 1 s-wave ampli-
tude has an interesting feature: another pole is found
at 1410− 40i [9, 19]. However, the existence of this pole
is sensitive to the details of the model, and in some cases,
it appears in unphysical Riemann sheet. But in all cases,
the reflection of the pole could be seen on the scattering
line. Usually, the I = 1 amplitude can be extracted by
combining the three πΣ channels:
dσ(π+Σ−)
dMI
+
dσ(π−Σ+)
dMI
− 2dσ(π
0Σ0)
dMI
∝ |T (1)|2 . (8)
However, the |T (1)|2 term would contain contributions
both from s and p-wave, although the contribution of the
p-wave to the πΣ channels is small. In order to extract
the I = 1 s-wave amplitude, we can utilize the crossed
term in Eq. (7). Since we are looking at the cross sections
where the angle variable among MB is integrated, the
product of s- and p-wave amplitude vanishes. Then, the
difference of the distributions for the two charged states
contains only the s-wave T (1) amplitude
dσ(π+Σ−)
dMI
− dσ(π
−Σ+)
dMI
=
4√
6
Re(T (0)s (T
(1)
s )
∗) . (9)
We plot this magnitude in Fig. 5 with a dashed line. In
principle, it is possible to extract T
(1)
s from this quantity
combining the distribution of s-wave I = 0 (for instance,
from the π0Σ0). Theoretically, in the present framework,
we can calculate the pure s-wave I = 1 component by
switching off the Σ(1385) and making the combination
of πΣ amplitudes as in Eq. (8). The results are shown
in Fig. 5 (Solid line) and a small peak is seen as a reflec-
tion of the approximate resonant structure predicted in
Refs. [9, 19].
In summary, we have proposed a reaction γp →
π+K0MB for the study of the second pole possibly exist-
ing in the Λ(1405) region. As expected, the mass distri-
bution peaks at around 1420 MeV with a relatively nar-
row width, and the present reaction is suitable for the
4isolation of the second pole. We have also shown that
the effect of Σ(1385) resonance for the πΣ states is small
enough to see the structure of second pole of Λ(1405).
The observation of different shapes of mass distribution
from the nominal one, such as in π−p→ K0πΣ [25], can
be the proof of the reflection of double pole structure.
Experimental evidence on the existence of such two Λ∗
states would provide more information on the nature of
the current Λ(1405) and thus new clues to understand
non-perturbative dynamics of QCD. For more details, see
Ref. [23].
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